Solar energetic particle (SEP) fluxes are typically quantified in the F 30 units (integrated fluence of particles with energy above 30 MeV) and their direct measurements are available only for the last several decades. On the other hand, a reconstruction of major SEP events in the distant past (centennial-millennial time scales) is possible using data on the cosmogenic isotopes such as 1 4C and 10 Be measured in stratified and independently datable terrestrial archives (tree trunks or polar ice cores). While such events (or at least candidates for those) can be identified in the cosmogenic records with a degree of confidence, the estimate of the F 30 flux/fluence is ambiguous depending on the proposed SEP energy spectrum. Here we introduce a new index, the integral fluence of an SEP above 200 MeV, F 200 , which is related to the effective energy of the production of the cosmogenic isotopes by SEP in the Earth atmosphere. This index is robust against the assumptions on the exact shape of the energy spectrum of the event in a wide range of parameters. Using several records of cosmogenic isotopes, we present a reconstruction of the F 200 fluence for major SEP events in the past, and also assess the occurrence probability density function for extreme events. In particular, we evaluate that extreme SPEs with F 200 > 10 10 cm −2 may occur no more frequently than once per 10 000 years or even rarer up to never.
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Introduction
Solar energetic particle (SEP) events occur sporadically in association with eruptive phenomena (solar flares or coronal mass ejections) on the Sun. Such events are accompanied by greatly enhanced (by several orders of magnitude) flux of solar energetic particles (mostly protons), accelerated to high energy up to several GeV of kinetic energy in the solar corona or in the interplanetary space. Such enhanced fluxes can cause serious radiation hazards for human beings, in particular at transpolar jet flights and even more severe for astronauts in orbit. Hazards can be the critical level for the modern technological community, leading to malfunctioning or even damage of various communication and navigation systems, and they even may potentially affect Earth's climate and biosphere [1, 2] . Therefore, it crucially important, in particular for planning and designing of future missions, to have an assessment of possible radiation hazards [3] . Our knowledge of the SEP events is limited to the decades, starting with the first detection of a very strong SEP event by ground based ionization chambers in 1942 [4] , followed by ground-based neutron monitors since 1952 and extended by direct space-borne monitoring since the 1970s. Although quite a large number of SEP events have been recorded and studied, the statistics of very strong and extreme events is poor being limited to several events [3] . Moreover, the last decades, for which we have direct data on SEP events, were quite unusual being a part of the modern Grand maximum of solar activity [5] characterized by very active Sun, which may not be fully representative. This very active period is known to cease now so that we expect the qualitatively different level (low to moderate) of solar activity in the near future. This is important for physics of solar flares as there is a correlation between fluxes of solar energetic particles and strength of solar eruptive events in the solar atmosphere [6] .
For many purposes, particularly so for the radiation hazards, it is useful to quantify the strength of a SEP event by a single number. Considering the effective energy of SEP it is often taken as the fluence (the integral flux over the total duration of the event) of SEPs with kinetic energy above 30 MeV, conventionally called F 30 [3] . Sometime also the fluences F 10 (SEPs with energy > 10 MeV) or F 60 (> 60 MeV) are considered. These fluences are computed from direct space-borne measurements.
Accordingly, only indirect proxy data may help in reconstruction of the history of major SEP events in the past and thus lead to a quantitative assessment of the occurrence probability for such events. The usual proxy for the variability of cosmic rays and also for major SEP events is based on records of cosmogenic radionuclides, such as 10 Be measured in polar ice and 14 C measured in dendrochronologically dated tree rings [7, 8] . A short list of possible candidates for major SEP events in the past was proposed recently [9] providing a statistic on the time scale of ten millennia. Two events have been confirmed as the events by high-resolution annual data of cosmogenic radionuclides: the events of 775 AD and 993 AD [10, 11, 12, 13, 14] . Despite some ongoing debates about the origin of these events [15, 12, 16] , solar origin of the spikes due to extreme SEP events is the most likely source, and the overall production of the 14 C and 10 Be nuclides can be calculated.
However, when using proxy data one cannot evaluate the spectrum of SEPs and have to make an assumption of that. Since the effective energy of cosmogenic isotope production in the atmo- * Speaker.
† A footnote may follow.
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F200 fluence for SEP events Ilya G. Usoskin sphere is relatively high [7, 17] , the low energy part of the spectrum remains quite uncertain in this approach. Depending on whether the SEP spectrum is assumed to be hard or soft, the evaluation of the F 30 fluence from the reconstructed data can be uncertain with the factor up to 50 [9, 12] which makes it difficult to link the reconstructions to the modern data.
Here we look for such a parameter of SEP spectra that can be directly assessed from the cosmogenic isotope data without any assumptions on the shape of the SEPs spectrum.
Spectrum of SPEs
Here we consider the spectral shape of the SEP event integral spectra in the form of the Band function [18] which describes the integral energy spectrum as a double power-law with a smooth exponential roll-over in-between. Both the function and its first derivative keep continuous through energy. Let us express rigidity R in GV and kinetic energy E in GeV. Then the integral omnidirectional event-integrated fluence (in protons/cm 2 ) of SEP events can be represented as
where R b = (γ 2 − γ 1 )R 0 and E 0 = 0.938 GeV is the proton's rest-mass energy. Throughout the paper we will call F(> E) as F E where E is expressed in MeV (e.g., F(> 200 MeV)≡ F 200 ). We note that the spectral index γ 2 describes the high-energy tail of the spectrum that we will use below to quantify the hardness of the spectrum. Integral spectra (spectral fluences) have been evaluated [18] for all major ground level enhancement (GLE) events for the last decades. The spectra vary essentially between the events as illustrated in Fig. 1 which shows the ratio of the F En (>E n ) to that F 200 for three most interesting GLE events. One is GLE #5 (see the official numbering of the GLE events at http://GLE.oulu.fi) which took place on 23-Feb-1956 and was the strongest known GLE event with a very hard spectrum -this can be observed as an 'elevated' high-energy tail. The GLE #10 event (12-Nov-1960 ) was a typical GLE event with the spectrum close to the mean spectrum over all the events. The GLE #24 event (04-Aug-1972) was a relatively weak GLE with a soft spectrum but it was the greatest even in the sense of F 30 fluence. While upper and former cases bound all known GLE spectral fluences, the middle one represents a typical spectrum. The 
Production of cosmogenic isotopes during SEP events 3.1 Cosmogenic 14 C
We have calculated the global production of 14 C, Q 14C , by a SEP event in the Earth's atmosphere, using a recent production model based on a full Monte-Carlo simulation of the cosmic-ray PoS(ICRC2015)018 induced atmospheric cascade [20] . The computations were performed for different SEP integral spectra (see Fig. 1 ). In order to estimate the effect of the spectral uncertainties, we have have normalized the computed values of Q 14C are normalized to the fluences F En for each scenario. We have calculated the yield (the number of produced 14 C atoms/cm 2 averaged over the globe) by SEP protons with the unit fluence with energy above E n , Y = Q/F En . It is depicted in Figure 2A . One can see that the spread of the yield is large for E n = 30 MeV, being a factor of 40 between soft and hard spectra. This implies that the estimate of F 30 is ambigous for the same 14 C production may vary by orders of magnitude depending on the assumes spectrum of SEPs, so that it is greater for soft spectra and smaller for hard spectra. The too high reference energy, e.g. E n = 1000 MeV would also lead to a huge (two orders of magnitude) ambiguity of the fluence but in the opposite direction.
On the other hand, one can see that the choice of the reference energy E n = 200 MeV leads to a very stable (within 30%) link between the 14 C production and the F 200 fluence irrespectively of the spectral shape of the SEP event. This implies that F 200 is nearly directly related to the SEP-related atmospheric production of 14 C. Within the reasonable range of the SEP integral fluences (Fig. 1) one can estimate that (1.6 ± 0.2) × 10 −2 atoms/cm 2 of globally averaged 14 C is produced in the Earth's atmosphere for the unit F 200 fluence. Thus, the measured increase of 14 C due to SEP event can be directly translated into the F 200 fluence without uncertainties related to the exact spectral shape, in contrast to the lower-energy fluence F 30 . 
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Using this relation we can estimate the values of F 200 for the events of 775 AD and 993 AD as ≈ 8 × 10 9 and 6 × 10 9 cm −2 , respectively, which is 66 and 50 times greater, respectively, than the largest event of the space era, on 23-Feb-1956 .
We also estimated F 200 for the Carrington event of 1859 AD [21] based on annual 14 C data [22, 23] for that period. Since there is no clear enhancement of ∆ 14 C greater than 2 permille (which corresponds to measurement errors), a conservative upper limit for the Carrington event is F 200 ≤ 10 9 cm −2 .
Cosmogenic 10 Be
Similarly we analyzed the relation between the SEP event fluence and production and transport of 10 Be. Here we applied a recent model of 10 Be production [24] and computed deposition of 10 Be in a 3D realistic atmosphere, assuming the polar tropospheric and hemispherically mixed stratospheric productions (see, e.g., [25, 26] ). The yield of 10 Be computed in this way and deposited in polar ice is shown in Figure 2B . One can see that the relation between the fluence F En and the 10 Be deposition is optimal at E n ≈ 200 MeV. At this energy, the uncertainty of the F 200 related to the unknown spectral shape is minimum and does not exceed 30%, similarly to 14 C. Thus, one can evaluate that the deposition of 10 Be in polar ice is (3.4 ± 0.5) · 10 −4 cm −2 for the unit F 200 fluence .
Evaluation of F 200 for different events
The value of F 200 for the known GLE events for the space era since the 1950s reaches up to 1.2 × 10 8 protons/cm 2 [19] . The cumulative occurrence probability density function of the annual values of F 200 is presented in Figure 3 . The corresponding values are presented in Fig. 3 as open triangles. Of special interest is to assess strongest events in the past [6] . We have computed the F 200 fluence for the events listed as candidates of extreme SEP events over the Holocene [9, 12, 11] .
It implies a strong roll-over of the events with an extreme fluence (cf. [27, 6] ), which means that the Sun has less probability to produce extreme events than I might though based only on the space era data. The steepening of the distribution appears somewhere around F 200 = 10 9 cm −2 . The gap between low-and high-fluence branches of the distribution is likely caused by the detection threshold of SEP events using cosmogenic isotopes method. Alternatively, we may be looking at different populations of events. This result suggests that the strongest, in the sense of the F 200 values, events (the 775 AD event [10] , may be ≈ 10-50 times stronger than those for the strongest recent cycle.
Conclusions
We have proposed a new index of the strength of solar energetic particle events, which is related to the event-integrated fluence of protons above 200 MeV, F 200 . This F 200 fluence is useful since it is related to production of cosmogenic isotopes 14 C and 10 Be in the Earth's atmosphere, independently on the assumptions of the energy spectrum of SEPs during the event. Therefore, the value of the F 200 fluence can be directly evaluated from the cosmogenic isotope data in the past, while the conventional F 30 fluence has huge uncertainty in this kind of reconstruction up to a factor of 40 [19] . We have performed an estimate of the cumulative occurrence probability density PoS(ICRC2015)018 function for extreme SEP events using data from both direct measurements during the modern space-era epoch and indirect proxy of the cosmogenic isotope data for the Holocene. We estimate that no extreme SEP events with the F 200 fluence greater than 10 10 cm −2 occur more frequent than once per 10-15 millennia.
It is important to provide new data series with high (annual) resolution for the whole Holocene of cosmogenic isotopes in order to obtain better assessments of the SEP fluence in the range of F 200 values between 10 8 and 10 9 cm −2 .
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